Abstract. We report results of the calculation of the low-lying levels of neutral Si using a combination of the configuration interaction and many-body perturbation theory (CI+MBPT method). We treat Si I as an atom with four valence electrons and use two different starting approximations, namely V N−2 and V N−4 . We conclude that both approximations provide comparable accuracy, on the level of 1%.
INTRODUCTION
The method, which combines configuration interaction (CI) and many-body perturbation theory (MBPT) was suggested in [1] and described in more details in [2] . In this approach, which is known as CI+MBPT method, the electrons in an atom are divided into core and valence electrons. Correlations between valence electrons are treated using CI method. The core-core and core-valence correlation are taken into account using second-order MBPT. During the last two decades this method was used for numerous calculations of many-electron atoms and ions and proved to be very effective for systems with two-three valence electrons (see, e.g. [3, 4, 5, 6] ), where this method typically provide an accuracy about 1%, or better. Less often this method was used for systems with four, or more valence electrons [7, 8, 9, 10, 11, 12] and it is still not clear what accuracy one can expect in this case.
There are several reasons why the accuracy and effectiveness of the method may decrease for the four valent systems. First, the size of the CI space for a given length of the basis set grows exponentially with the number of valent electrons. Therefore, it may be impossible to saturate CI space. Second, in order to start with a sufficiently good initial approximation, one needs to include (at least partly) the field of the valence electrons in the initial potential. This leads to the whole new class of the MBPT diagrams [2] and makes results less stable. Finally, for the four-valent atoms there are effective three-electron interactions. This makes calculations much more difficult [13, 14] .
In this paper we apply CI+MBPT method to Si atom, which we treat as a four-valent system. We compare results for V N −4 and V N −2 initial approximations, where N is the total number of electrons. The former approximation includes only the field of the core electrons, while Send offprint requests to: R.T. Imanbaeva Correspondence to: raykhan.phys@gmail.com the latter one includes also the field of the two valence 3s electrons. We conclude that both approximations lead to comparable accuracy about one percent. For the two lowest singlet states the accuracy is lower, most likely, because of the cusp effect, which is very difficult to reproduce in the CI calculations.
METHOD
The CI+MBPT method was realized in a number of computer codes (e.g. [4, 7, 9] ). The version we use here is based on the Hartree-Fock-Dirac (HFD) code [16] and the CI code [17] . The whole package was recently published in Ref. [18] .
In the CI method, the many-electron wave function with a given total angular momentum J is obtained as a linear combination of the many-electron Slater determinants:
where determinants Φ i are formed from the valence basis orbitals. In our case these orbitals are calculated by solving HFD equations either in the V N −2 , or V N −4 potential. For the case of the partly filled atomic shells we use the average over the non-relativistic configuration, as described in [16] . Here we do not need this as both our potentials correcpond to the closed shells 2p 6 , or 3s 2 . The effective Hamiltonian has the form:
where H 1 represents the one-body part of the Hamiltonian, and H 2 represents the two-body residual Coulomb interaction.
In the CI+MBPT method we incorporate core excitations by including perturbation theory terms into the effective Hamiltonian. The one-body part H 1 is modified to include the correlation potential Σ 1 , that accounts for the core-valence correlations (it is also known as self-energy correction):
and the two-body term H 2 now includes the effective screening of the two-body interactions by the core:
Both Σ 1 and Σ 2 are calculated in the second-order MBPT [2] . In the same second order of MBPT there is also a three-electron correction to the Hamiltonian Σ 3 [2] , which describes effective three-electron interactions between valence electrons induced by the core polarization effects. This interaction is typically very small, but becomes important for partly filled d, or f shells [13, 14] .
RESULTS AND DISCUSSIONS
The basis set was constructed in the frame of the HFD approach. In the V N −2 approximation we start with solution of the Dirac-Fock equations for the [1s 2 2s 2 2p 6 3s 2 ] closed shells. As a next step, all orbitals up 3s were frozen and 4-5s, 3-5p, 3-5d, 4-5f , and 5g orbitals were constructed in the same V N −2 potential. Higher virtual orbitals were obtained with the help of B-splines [20] . The lower components of the Dirac bispinors were formed using kinetic balance condition (see, e.g. [18] ). The MBPT corrections to the effective Hamiltonian were calculated in the second order MBPT. Note that in this case we had to include the so-called subtraction diagrams [2] .
To illustrate the role of the core-valence correlations we calculated the low-lying energy levels using pure valence CI in the frosen core approximation and in the frame of the CI+MBPT method. The results of the energy level calculations are presented in Table 1 . The energies are counted NIST [15] are given in the last columns to illustrate the accuracy of each approach. We find that the accuracy of the CI method is mostly on the order of few percent, while the accuracy of the CI+MBPT method is mostly better than 1%. The lowest relative accuracy is for the two singlet states 1 D 2 and 1 S 0 of the configuration 3s 2 3p 2 . On the one hand, these levels lye rather close to the ground state and the absolute accuracy for these levels is not so much different from the others. On the other hand, for the singlet states the exact wave function has a cusp at r ik = 0. To reproduce this cusp accurately one needs very large CI space. Therefore, it is not surprising that we have not saturated CI space for these states.
As discussed above, when we apply the CI+MBPT method to the atoms with more than two valence electrons, the effective valence Hamiltonian includes threeelectron term Σ 3 . Here we calculated respective corrections and found them to be smaller than the overall theoretical error. We conclude that three-electron interactions are insignificant for Si I. This is not surprising as the core here does not include d, or f shells and the valence 3d orbital is weakly bound and does not overlap with the core.
Recently the new accurate method to account for the QED corrections in the polyvalent systems was suggested in Refs. [21, 22] . We calculated these corrections together with Breit corrections to the Coulomb interaction and added them to our final results. In general these contributions appear to be too small to influence our final accuracy. However, they slightly improve theoretical fine structure.
We have also considered Si I as the four-valence atom using V N −4 approximation. Calculations were quite similar, with the exception of the construction of the basis set. The latter was formed by solving the Dirac-Fock equations for the [1s 2 2s 2 2p 6 ] closed shells. Then, the orbitals 4-5s, 3-5p, 3-5d, 4-5f , and 5g were constructed in the same V N −4 potential. For this potential the MBPT part did not include subtraction diagrams as the potential V N −4 corresponds to the bare core. For CI calculations we used exactly the same sets of even-and odd-parity configurations, as for the calculations in the V N −2 approximation. In Table 2 we compare results obtained within the CI+MBPT method in the V N −2 and V N −4 approximations. For the neutral atom, the initial V N −4 approximation is clearly less accurate, than the V N −2 approximation. For this reason the CI calculation here gives poorer agreement with the experiment. However, Table 2 demonstrate that the accuracy of the final CI+MBPT results are comparable. In fact, for the majority of states the V N −4 approximation is slightly better. Our results found here are in good agreement with previous calculation by Savukov [19] , but, in general, a little more accurate.
CONCLUSION
We have studied the accuracy of the CI+MBPT method for the four-valent Si. We performed calculations in the V N −2 and V N −4 initial approximations and studied the role of the Breit, QED, and three-electron corrections. Our results show that both initial approximations lead to comparable final accuracy, though the V N −4 approximation is a little better. Both our calculations have slightly higher accuracy than recent calculation in Ref. [19] . The QED and Breit corrections improve theoretical fine structure, but do not improve the gross structure. The effective three-electron interactions for Si are negligibly small. The overall accuracy of the theory is on the level of 1%. Before including higher order terms of the MBPT it is necessary to saturate the CI space, which appears to be rather costly for the four-valent systems.
